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The nucleation of atmospheric vapours is an important source of 
new aerosol particles that can subsequently grow to form cloud 
condensation nuclei in the atmosphere1. Most field studies of 
atmospheric aerosols over continents are influenced by atmospheric 
vapours of anthropogenic origin (for example, ref. 2) and, in 
consequence, aerosol processes in pristine, terrestrial environments 
remain poorly understood. The Amazon rainforest is one of the few 
continental regions where aerosol particles and their precursors 
can be studied under near-natural conditions3–5, but the origin of 
small aerosol particles that grow into cloud condensation nuclei in 
the Amazon boundary layer remains unclear6–8. Here we present 
aircraft- and ground-based measurements under clean conditions 
during the wet season in the central Amazon basin. We find that 
high concentrations of small aerosol particles (with diameters 
of less than 50 nanometres) in the lower free troposphere are 
transported from the free troposphere into the boundary layer 
during precipitation events by strong convective downdrafts and 
weaker downward motions in the trailing stratiform region. This 
rapid vertical transport can help to maintain the population of 
particles in the pristine Amazon boundary layer, and may therefore 
influence cloud properties and climate under natural conditions.

Comprehensive characterizations of aerosols and trace gases were 
carried out onboard the US Department of Energy Gulfstream-1 (G-1) 
research aircraft and at several surface sites, during the Observations 
and Modelling of the Green Ocean Amazon (GoAmazon2014/5) 
experiment near Manaus, Amazonas, Brazil (3.1° S, 60.0° W), in the 
central Amazon basin9. The pollution plume of Manaus, a city of about 
two million people, generally follows the north-easterly trade winds. 
The present analysis focuses on measurements under clean conditions 
during the wet season in March 2014 onboard G-1 and from March 
to May 2014 at the T0a surface site (Amazon Tall Tower Observatory, 
ATTO10) located 150 km northeast of Manaus (Extended Data Fig. 1). 
Air masses arriving at T0a during the wet season are typically brought 
by the north-easterly trade winds and travel across at least 1,000 km 
of undeveloped tropical rainforest, and are therefore generally clean 
(Extended Data Fig. 2). Some analysis was also conducted using  
datasets from the T3 site (70 km west of Manaus). Air masses arriving 
at T3 were clean or polluted depending on the direction of the Manaus 
pollution plume.

We observed a strong vertical gradient in the particle size spectrum 
above central Amazonia under clean conditions. Figure 1a shows the 
size spectra measured upwind of Manaus at five altitudes between 650 m 

and 5,800 m (above mean sea level) from 13:18 to 14:42 (all times are in 
utc) on 7 March 2014. Altitudes of 3,200 m, 4,500 m and 5800 m were 
within the free troposphere, as indicated by the equivalent potential 
temperature (θe). At 5,800 m, the spectrum was dominated by an Aitken 
mode of 40 nm diameter. These particles can arise from new particle 
formation in the outflow of deep convective systems11–13, in which the 
particle surface area is low owing to wet scavenging of existing  particles 
and the ambient temperature is low, facilitating the formation of  
particles of a few nanometres from gas-phase precursors through 
 several potential mechanisms12,14–18. Condensational and coagulational 
growth of the nucleated particles between the points of formation and 
airborne observations can lead to the observed size spectrum13.

The elevated concentration of Aitken-mode particles at high altitude 
led to a strong vertical gradient in the particle number concentration 
between the free troposphere and the atmospheric boundary layer. As 
altitude decreased, the spectrum shifted towards larger particle sizes, 
as evidenced by the increase in the volume-average particle diameter 
(Fig. 1b). At the lowest altitude (650 m), which was inside the boundary 
layer, we found a pronounced increase in the concentration of  particles 
with diameters greater than 100 nm—at this size the particles are suf-
ficiently large to serve as cloud condensation nuclei (CCN) under 
typical atmospheric conditions. The G-1 sampled particles in the free 
 troposphere during four flights, all of which showed trends similar 
to that represented in Fig. 1 (Extended Data Fig. 3). The size spectra 
observed in both the lower free troposphere and the boundary layer 
are very similar to those reported earlier over the coastal region of the 
Amazon rainforest in Suriname19, suggesting that the observed vertical 
gradient is generally representative over Amazonia.

In many other environments, new particle formation in the  boundary 
layer is one of the main processes producing small particles that subse-
quently grow and become CCN. In Amazonia, however, new  particle 
formation has almost never been observed in the boundary layer under 
natural conditions3,20,21. Given the high number concentrations of 
Aitken particles at high altitudes, transport from the free troposphere 
can serve as an important source of small particles into the  boundary 
layer. Once in the boundary layer, the atmospheric oxidation of bio-
genic volatile organic compounds emitted by the forest contributes the 
mass required for particle growth to CCN sizes6–8,22–24. The  general 
mechanism of particle transport from the free troposphere to the 
boundary layer has been previously reported over marine regions (that 
is, ‘blue oceans’)25–27. For blue oceans, vertical transport is believed 
to take place by continuous but slow entrainment through a strong 
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inversion at the top of the boundary layer on a timescale of days25–27. 
However, such steady and slow entrainment could not explain the 
rapid increases in Aitken-mode particle concentrations observed in an  
earlier study19 and reported here. We found that vertical transport over 
the rainforest of continental Amazonia (the so-called Green Ocean28) 
often occurs through rapid, sporadic downdrafts associated with  
precipitation, instead of the slow and continuous entrainment reported 
over marine regions.

An example of vertical transport by downdrafts and its effect on 
boundary layer aerosols is shown in Fig. 2 using data collected at T0a 
(ATTO) and onboard G-1 on 19 March 2014. On this day, a storm 
travelled southwest and reached T0a at 04:00. The trailing stratiform 
region of this same convective system was sampled by G-1 near Manaus 
(19 March, 14:00–17:00). Strong convective precipitation at T0a peaked 
at 04:10. The water vapour mixing ratio measured at the surface started 
to decrease around the onset of precipitation, as explained by the down-
ward transport of drier air from the free troposphere (as shown in 
Extended Data Fig. 3i) to the surface. The mixing of free tropospheric 
air is also evident from the sharp decrease in θe. (The use of θe as a 
tracer for the downward transport of free tropospheric air is detailed 
in Methods.) Values of vertical velocity at T3 (for example, Extended 
Data Fig. 4) further confirm the transport of free tropospheric air into 
the boundary layer during precipitation, both by strong convective 
downdrafts and by weaker downward motion in the trailing stratiform 
region.

At T0a, substantial changes in the particle size spectrum started 
 during the precipitation event, and were coincident with decreases in 
the water vapour mixing ratio and θe, both indicators of the downward 
transport of free tropospheric air. Before the precipitation event, the 
size spectrum was bimodal and dominated by an accumulation mode 
at 200 nm. Following the event, the size spectrum was dominated by 
an Aitken mode at 50 nm. Forward trajectory analysis indicates that 
air masses starting at altitudes ranging from 625 m to 4,850 m above 
T0a around the precipitation event (that is, 04:00–06:30) later reached 
similar locations and altitudes to those of G-1 at the time of sampling 
(Extended Data Fig. 5). Although later in time, the measurements 
onboard G-1 suggest what the vertical gradient in the particle size spec-
trum had been when the system passed over T0a earlier. The particle 

size spectrum measured by G-1 in the free troposphere exhibited an 
Aitken mode with essentially the same mode diameter as observed at 
T0a following the precipitation event (Fig. 2d, Extended Data Fig. 3g). 
Moreover, the size spectrum measured at 625 m altitude within the 
boundary layer was consistent with that observed at T0a following the 
event (Fig. 2d).

In the following quantitative analysis, we focus on three particle 
classes: all particles, small particles with diameters less than 50 nm, and 
particles with diameters greater than 100 nm that can act as CCN. The 
respective surface concentrations of these particle classes are denoted 
by N, N<50 and N>100. There was a strong increase in N<50 following the 
strong convective precipitation and the stratiform rain, whereas N>100 
was substantially lower. The lack of nucleation-mode particles (that is, 
particles with diameters smaller than 20 nm) and the sudden increase 
in the Aitken-mode particle concentration immediately  following the  
precipitation indicate that the increase in N<50 cannot be explained 
by new particle formation within the boundary layer. The decrease in 
N>100 is attributed to low concentrations in the downward- transported 
free tropospheric air (Fig. 2d, Extended Data Fig. 3g) as well as efficient 
removal by precipitation scavenging. The total particle  concentration 
following the precipitation event remained nearly the same as before, 
indicating that the removal of CCN by precipitation was compensated 
on a number basis by the increase in small particles from the free 
troposphere. An elevated N<50 was observed in the majority of cases 
following major precipitation events during the wet season. Another 
example of the vertical transport observed at T0a on 4 May is shown 
in Extended Data Fig. 6.

The generalized role of vertical transport by downdrafts as a source 
of small particles into the atmospheric boundary layer was examined 
statistically using three months of measurements at T0a. As shown in 
Fig. 2b, the vertical transport of dry air leads to a pronounced decrease 
in θe in the boundary layer. Although θe was also influenced by other 
processes, such as solar heating, these processes had a strong and recog-
nizable diel pattern (Extended Data Fig. 7a). The quantity θ θ θΔ = −′ ′e e e 
was used as a surrogate for the extent of vertical transport of free trop-
ospheric air, where θ′e is the diel average at the same time of day as θ′e, 
which represents seasonally detrended θe (Extended Data Fig. 7b).  
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Figure 1 | Measurements made onboard the G-1 aircraft at five 
different altitudes upwind of Manaus on 7 March 2014. a, Particle size 
spectra normalized to standard temperature and pressure (273.15 K and 
101.325 kPa; STP). b, Particle number concentration (N) normalized 
to STP and volume-average particle diameter (Dp,v) derived from the 

size spectrum. c, Water vapour mixing ratio and equivalent potential 
temperature (θe). The measurements are averaged over horizontal legs that 
were outside cloud or precipitation regions to avoid potential sampling 
artefacts. The quantities are averages of 324 to 360 1-s measurements that 
correspond to spatial scales ranging from 34 km to 40 km.
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A negative Δ θe value corresponds to a decrease in θe due to mixing with 
free tropospheric air and is typically associated with precipitation 
(Extended Data Fig. 8). Positive Δ θe values can arise from high insta-
bility (that is, convective available potential energy) as well as strong 
mass and humidity convergence before rainfall events29.

For measurements at T0a under near-natural conditions from  
1 March to 31 May 2014, the data points were grouped into ten Δ θe  
bins. The statistics for N<50, N>100 and N for each bin were examined 
as a function of Δ θe (Fig. 3). As Δ θe decreased, N<50 increased from 
35 cm−3 to 125 cm−3 (Fig. 3b), indicating that mixing with free tropo-
spheric air increased the concentration of small particles. In contrast, 
N>100 decreased with decreasing Δ θe (Fig. 3c). N varied little over a 
wide range of Δ θe values (Fig. 3d), suggesting statistically that the 
removal of CCN is largely compensated by the influx of small particles 

transported from the free troposphere during precipitation. Given that 
precipitation scavenging is the main mechanism for the removal of 
CCN from the Amazon boundary layer, the similar N values over the 
wide range of Δ θe (that is, before and after precipitation) suggest that, 
in terms of particle number, the vertical transport of free tropospheric 
air is an important source that replenishes particles in the boundary 
layer and thereby maintains the climate-relevant CCN  population, 
at least under natural conditions. In contrast, a similar analysis of 
 measurements at the T3 site shows a much lower particle number con-
centration following precipitation events (that is, at lower Δ θe values) 
because, under polluted conditions, anthropogenic emissions are the 
main source replenishing boundary layer particles following precipi-
tation (Extended Data Fig. 9). Complementary analysis of the T0a data 
was also carried out by removing the variations in θe over timescales 
longer than 20 h, including diel and seasonal variations, and using the 
filtered θe as a proxy for the extent of vertical transport of free trop-
ospheric air. The statistics of N<50, N>100 and N were examined as a 
function of the filtered θe values, and the results exhibit essentially the 
same features as shown in Fig. 3 (Extended Data Fig. 10). The particle 
number fluxes due to precipitation scavenging and vertical transport 
are estimated to be 3.9 ×  1011 m−2 d−1 and 3.1 ×  1011 m−2 d−1, respec-
tively (details in Methods). Although future work is needed for a more 
accurate quantification, the estimate supports the finding that down-
ward transport can largely compensate the precipitation scavenging of 
particles on a number basis.

In summary, the observations reported here show high concentra-
tions of small particles in the lower free troposphere over the Amazon 
rainforest. We find that these particles arise from new particle forma-
tion in the outflow regions of deep convective systems, followed by 
condensational and coagulational growth. Under natural conditions, 
the small particles in the free troposphere become an important source 
of particles to the boundary layer through downward vertical transport, 
which occurs through rapid, sporadic downdrafts during convective 
precipitation events instead of the slow and continuous entrainment 
reported over marine regions. In the boundary layer, these particles 
grow and subsequently maintain the CCN population. An improved 
understanding of aerosol processes under natural conditions may help 
to reduce uncertainties in simulated climate change5,30. The vertical 
transport becomes a net sink of particles in the boundary layer under 
polluted conditions—such as those prevailing over most other tropical 
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Figure 2 | The contribution of vertical transport of free tropospheric 
small particles to the particle concentration in the atmospheric 
boundary layer at T0a during a precipitation event on 19 March 2014. 
a, Water vapour mixing ratio, precipitation rate and equivalent potential 
temperature (θe). b, The total particle number concentration (N), the 

concentration of small particles with diameters (Dp) less than 50 nm (N<50) 
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100 nm (N>100). c, Particle size spectra (dN/dlogDp) at ground level.  
d, Particle size spectra at ground level and those measured onboard G-1  
on the same day.
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continental regions—when the boundary layer particle concentration 
exceeds that in the free troposphere.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
GoAmazon2014/5 experiment. The GoAmazon2014/5 experiment took place 
from January 2014 to December 20159, and seeks to quantify and understand 
how aerosols and clouds in a particularly clean background in the tropics are 
influenced by pollutant outflow from a large tropical city. GoAmazon2014/5 is 
centred in the environs of Manaus, a city with a population of two million people. 
Manaus is an isolated urban area in the central Amazon basin that is situated at the  
confluence of the two major tributaries of the Amazon River. Outside Manaus 
there is mostly natural forest for 1,000 km to 2,000 km in every direction. As part 
of GoAmazon2014/5, there were six ground stations in and around Manaus as well 
as research flights carried out by the G-1 aircraft of the Atmospheric Radiation 
Measurement Aerial Facility31 of the US Department of Energy. This work focuses 
on measurements under clean conditions during the wet season onboard the G-1 
and at the T0a site. Some analysis was also carried out using data collected at the 
T3 site (Extended Data Fig. 1).
Deployment of G-1 during GoAmazon 2014/5. During GoAmazon 2014/5, G-1 
was deployed in two intensive operation periods, from 22 February to 23 March 
2014 and 6–25 September 2014. G-1 was stationed at the Brigadeiro Eduardo 
Gomes–Manaus International Airport, and 16 and 19 research flights were  
carried out during the two intensive operation periods, respectively. The aircraft 
was equipped with instruments for characterizing aerosol particles, cloud drop-
lets and trace gas species, in addition to those for measuring solar radiation, state 
variables and meteorological and avionics parameters9,31. Aerosol particles were 
sampled through an isokinetic inlet with an upper cutoff size of  approximately 5 μ 
m. Measurements used in this study include the submicrometre particle size spec-
trum ranging from 10 nm to 400 nm in diameter characterized by a fast  integrated 
mobility spectrometer (FIMS) at a time resolution of 1 Hz (refs 32, 33). The relative 
humidity of the aerosol sample was reduced to below around 30% using a Nafion 
dryer before being introduced into the FIMS; therefore, the measured size spec-
trum represented that of the dry aerosol particles. In addition to flow rates and 
electrode voltages, the sizing accuracy and the counting efficiency of the FIMS as 
a function of particle diameter were calibrated before and after the  deployment 
using differential-mobility-analyser-classified particle standards following  
methods described in ref. 34. Flow rate checks and zero tests were performed 
regularly during the deployment. The total particle number concentration was 
measured by a condensation particle counter (CPC, TSI model 3010). The size 
spectrum and particle number concentration were normalized to standard  
temperature and pressure (273.15 K and 101.325 kPa; STP).
Measurements at the T0a site. Several important trace gases, aerosol proper-
ties and meteorological parameters were continuously measured at the T0a site 
on two towers of 80 m height10 during GoAmazon 2014/5. The measurements 
used in this study are briefly described here. Aerosol particles were sampled 
above the canopy at a height of 60 m (above ground level) using a laminar flow 
through a 2.5 cm diameter stainless steel tube. The sampled particles were trans-
ported into aerosol instruments housed in an air-conditioned container, and the 
relative humidity of the samples was reduced to below 40% using silica diffu-
sion driers. The measured aerosol properties included the particle size spectrum 
(ranging from 10 nm to 430 nm in particle diameter) characterized by a scanning 
mobility particle sizer (SMPS, TSI model 3080) and the total number concen-
tration of particles with diameters larger than 4 nm, measured by a CPC (model 
5412, Grimm Aerosol Technik). A multi-angle absorption photometer (MAAP, 
Carusso/Model 5012 MAAP, Thermo Electron Group) was deployed to meas-
ure the aerosol light absorption. In the MAAP instrument, the optical absorp-
tion coefficient (λ =  670 nm) of the particles collected on a filter is derived using 
radiative transfer calculations, which take into account multiple scattering and 
absorption enhancements due to reflections from the filter. A mass absorption  
efficiency of 6.6 m2 g−1 was used to convert the absorption coefficient to the 
 equivalent black carbon (BC) mass concentration. Regular quality checks 
were  performed with all aerosol sizing instruments and CPCs, including flow 
checks, zero tests and intercomparisons with ambient aerosol and  monodisperse 
 polystyrene latex spheres. The MAAP was subject to  frequent intercomparisons 
with the other optical instruments. For example, two  aethalometers and the MAAP 
were operated side-by-side during an  intensive  campaign in November/December 
2014. The BC concentrations from the  individual instruments agreed well. Particle 
size spectra, number concentrations and equivalent BC mass concentrations were 
normalized to STP.

Trace gases were sampled at five levels of 4, 24, 38, 53 and 79 m above ground 
level. The sampling inlets were constantly flushed at a flow rate of several litres per 
minute to avoid wall interaction within the tubing. The mixing ratio of CO was 
measured by a G1302 Picarro analyser based on the cavity ring-down spectroscopy 
technique. Tests with a stable gas tank showed a standard deviation of the raw 
data of 7 parts per billion (p.p.b.) for CO. The long-term drift of the analyser was 
below 4 p.p.b. yr−1 for CO. The CO measurements at the level of 53 m, above the 

canopy and close to the sampling level of the aerosol measurements, were used in 
this analysis. Meteorological parameters were continuously monitored by a suite 
of standard sensors. Air temperature and relative humidity were characterized 
using thermohygrometers (CS215, Rotronic Measurement Solutions) at six levels 
ranging from 4 m to 81 m, and data at 81 m were used to derive θe. Rainfall was 
monitored using a rain gauge (TB4, Hydrological Services) at 81 m. A barometer 
(PTB101B, Vaisala) was deployed at 75 m to characterize atmospheric pressure.

During the wet season of 2014, the T0a site was sometimes influenced by  
biomass burning aerosols, from as far away as Africa, as evidenced by elevated 
CO mixing ratios and the BC and particle number concentrations. To examine 
the processes under near-natural conditions, we focused on the measurements at 
the T0a site from 1 March to 31 May 2014 for periods with BC concentrations less 
than 20 ng m−3, CO mixing ratios less than 130 p.p.b. and particle number con-
centrations less than 450 cm−3. These thresholds reflect the typical values observed 
during the wet season in the Amazon basin in the absence of a major influence 
from anthropogenic emissions and biomass burning3.
Surrogate for the impact of vertical transport of free transport air. Very few 
synoptic systems reach the Amazonas tropical region, and when they do they are 
called friagem35. This type of cold outbreak event is very rare, around two cases  
per year36. Therefore, the decreases in θe observed at T0a were overwhelmingly 
due to the downdrafts that bring air with low θe values from the lower-middle 
troposphere into the boundary layer. Equivalent potential temperature has been 
used as a tracer to track downdraft air in many studies37–41 and was derived from 
the ambient temperature, pressure and relative humidity measured at the T0a 
site42. The seasonal trend of θe was derived by fitting a second-order polynomial 
to the time series of θe from 1 March to 31 May 2014 (Extended Data Fig. 7a). 
The  equivalent potential temperature was then detrended by subtracting the fitted 
seasonal trend from θe.
Magnitudes of particle number fluxes due to precipitation scavenging and ver-
tical transport from the free troposphere. Current knowledge is not sufficient 
to provide an accurate quantification of the fluxes for the individual terms of the 
boundary layer particle number budget, including those due to downward trans-
port during precipitation events and various aerosol removal processes. On the 
other hand, the magnitude of these terms can be estimated using the following 
approach. The dominant sink of Amazon boundary layer aerosol is precipitation 
scavenging, including both scavenging of aerosol particles below cloud by rain 
(below-cloud scavenging) and the activation of aerosol particles into cloud droplets 
and their subsequent removal when rain forms (in-cloud scavenging).

During the wet season, the average concentrations of accumulation-mode 
and Aitken-mode particles were about 100 cm−3 and 150 cm−3, respectively. 
The  vertical distribution of aerosol number concentration observed during the 
wet  season was roughly constant below an altitude of around 2,500 m. Rainfall 
occurs on  approximately 20 to 25 days per month and the duration for 80% of the 
 precipitation events is up to 3 h, with the intensity of the majority of events up to 
15 mm h−1 (refs 43–45). In the Amazon basin, aerosol particles with diameters 
larger than 40–60 nm are activated into cloud droplets during the wet season46. 
Assuming an average precipitation frequency of one per day, and that 50% of the 
Aitken-mode particles and 80% of the accumulation-mode particles below 2,500 m 
are removed after a typical precipitation event, we estimate the particle number 
flux due to the precipitation scavenging as:
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Vertical mass fluxes have been examined using radar wind profiler measurements 
at the T3 site (S.G. et al., manuscript in preparation). Substantial  convective activ-
ities were observed during 154 3-h periods, among a total of 1,200 in 5 months 
across 2 wet seasons. For the 154 3-h periods, the average mass flux due to the 
downdrafts in convective cores was around 0.12 kg m−2 s−1 at the top of the bound-
ary layer. The mass flux averaged over the entire wet seasons is therefore 0.12 
×  (154/1,200) =  0.0154 kg m−2 s−1. Note that this probably represents a lower 
limit, as it does not include the downward transport in stratiform rain regions. 
During the wet season, the difference in the particle concentrations between the 
free troposphere and boundary layer observed onboard G-1 ranged from 100 cm−3 
to 600 cm−3 (normalized to STP). Assuming an average concentration difference 
of 300 cm−3, we can estimate the influx of particles from the free troposphere due 
to the downward transport during precipitation events as:

×









×




.
.





×





× 




= . ×

−
− −

−

− −

(300cm ) 10 cm
m

0 0154kgm s
1 28kgm

3,600 24s
1day

3 1 10 m day

3
6 3

3

2 1

3

11 2 1

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER RESEARCH

where 1.28 kg m−3 represents the density of air at STP. These estimates are 
 obviously very rough. Nevertheless, they are consistent with the result that  
the total particle number concentration essentially remains constant following 
the precipitation (Fig. 3), which indicates that the downward transport could 
largely compensate the removal of particles by precipitation on a number basis. 
Accurate quantification of the fluxes will require future work combining both field 
 observations and modelling efforts.

We also note that the above fluxes are estimated as daily averages, whereas 
the actual processes occurring during precipitation events are rapid and  sporadic. 
During a typical precipitation event, lasting 2–3 h (around 10% of a one-day 
period), downward transport injects a sufficient amount of small particles to 
compensate the wet removal of particles at an average concentration of around 
150 cm−3 for a layer that is approximately 2,500 m thick.
Data availability. The data used in this study are available at http://www.arm.gov/
campaigns/amf2014goamazon and http://lfa.if.usp.br/ftp/public/LFA_Processed_
Data/T0a_ATTO.
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Extended Data Figure 1 | Locations of the T0a and T3 sites during GoAmazon 2014/5. Map data: Google Earth.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 2 | Density of back trajectories of air masses arriving at the T0a site during the wet season from 1 March to 31 May 2014. Back 
trajectories were originated at 100 m above the ground every 30 min using the HYSPLIT model with 0.5° resolution winds from the US National Oceanic 
and Atmospheric Administration Global Data Assimilation System. Map data: Google.
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Extended Data Figure 3 | Vertical profiles measured onboard G-1.  
a–i, Same as Fig. 1 for measurements made onboard G-1 at different 
altitudes under background conditions from 15:50–16:32 on 14 March 
2014 (a–c), from 17:42–19:00 on 17 March 2014 (d–f) and from  
14:54–17:00 on 19 March 2014 (g–i). For the flights on 14 March and 
17 March the measurements are averaged over horizontal legs that were 
outside clouds or precipitation regions to avoid artefacts that potentially 
arise from the shattering of cloud droplets, ice particles or rain drops on 
the G-1 sampling inlet. The quantities are averages of 77, 92, 126 and 
108 1-s measurements over horizontal legs that correspond to spatial 
scales of 8, 10, 15 and 11 km for the four altitudes shown for 14 March, 
and averages of 126, 288, 58 and 360 1-s measurements over horizontal 
legs that correspond to spatial scales of 11, 27, 7 and 42 km for the four 
altitudes shown for 17 March. For the flight on 19 March 2014 there was 
widespread stratiform rain and ice precipitation over the G-1 sampling 
area. The quantities, including aerosol size spectra and particle number 

concentrations, are averaged over the portion of the horizontal legs 
with the lowest total water contents measured by a multi-element water 
content system (Model WCM-2000, SEA) to minimize the impact of the 
fragmentation of cloud droplets, rain drops and ice particles on the  
G-1 sampling inlet47 on particle measurements. The quantities are 
averages of 54, 54, 72, 90 and 108 1-s measurements over horizontal 
legs that correspond to spatial scales of 5, 5, 7, 10 and 13 km for the five 
altitudes ranging from 625 m to 7,100 m. The average total water contents 
measured by the WCM-2000 for the portions of the horizontal legs were 
0.007, 0.01, 0, 0.007 and 0.008 g m−3 at the five altitudes. The precipitation 
water content was derived from the drop spectrum measured by a high-
volume precipitation spectrometer (HVPS, version 3, SPEC) and the 
average values were 0.028, 0.042, 0.0043, 0 and 0.2838 g m−3 for the five 
altitudes ranging from 625 m to 7,100 m. The nucleation-mode particles 
with diameters around 10 nm at 1,600 m (Fig. 2g) were probably artefacts 
due to the remnant impact of rain drops shattering on the G-1 inlet.
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Extended Data Figure 4 | Radar reflectivity and vertical air motion. 
a–d, Reflectivity factor measurements (a, c) and vertical air motion 
estimates (b, d) from the 1,290 MHz wind profiler deployed at the T3 site 
for a deep convection system on 19 March 2014 (a, b) and 20 March 2014 
(c, d). Larger reflectivity factor measurements are associated with heavier 
precipitation. Vertical air motions were derived from profiler Doppler 
velocity48. Strong surface-driven convective updrafts reaching altitudes 
above 12 km were observed at 08:40 on 19 March and 11:30 on 20 March. 

Adjacent to deep convective updraft cores, deep convective downdrafts 
from the free troposphere to the surface were often observed, as well as 
compensating downward motions over the extended trailing stratiform 
regions. Such downward motions (which have maximum velocities up 
to 10 m s−1) were consistently observed during precipitation in the wet 
season, and are anticipated to transport free tropospheric air with high 
concentrations of small particles into the boundary layer.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 5 | Forward trajectories of air masses starting 
at the T0a site. Forward trajectories starting at altitudes ranging from 
625 m to 4,850 m above the T0a site around the precipitation event (that is, 
04:00–06:30) on 19 March 2014 and ending at the time of G-1 sampling at 
the respective altitudes on the same day. The trajectories are coloured by 
altitude, and the end of each trajectory is indicated by a star symbol. Filled 
circles represent the G-1 sampling locations coloured by sampling altitude. 

The average distances between the ends of the trajectories and the G-1 
sampling locations are 140, 260, 300 and 140 km for the sampling altitudes 
of 625, 1,600, 3,200 and 4,850 m, respectively. This suggests that the air 
masses over T0a around the precipitation event reached similar locations 
and altitudes to those of G-1 at the time of G-1 sampling, especially at the 
altitudes of 625 m and 4,850 m. Map data: Google.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 6 | Impact of vertical transport during 
precipitation on boundary layer aerosol. Another example 
demonstrating the contribution of the vertical transport of free 
tropospheric small particles to the particle concentration in the 
atmospheric boundary layer at the T0a site during a precipitation event 

on 4 May 2014. a, Water vapour mixing ratio, precipitation rate and θe. 
b, The total particle number concentration (N), the concentration of 
small particles with a diameter, Dp, of less than 50 nm (N<50) and the 
concentration of CCN-sized particles with Dp larger than 100 nm  
(N>100). c, d, Particle size spectra (dN/dlogDp) at ground level.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 7 | Seasonal trend and diel variation of 
equivalent potential temperature. a, Time series (blue line) of θe derived 
from surface measurements at the T0a site from 1 March to 31 May 2014 
and its seasonal trend (red line) fitted using a second-order polynomial.  

b, Diel variation of the detrended equivalent potential temperature (θ′e) at 
the T0a site from 1 March to 31 May 2014. The error bars represent 1 s.d. 
of 11,040 1-min measurements.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 8 | Average precipitation as a function of Δθe. 
a, Number of data points for each Δ θe bin. b, Statistics of the average 
precipitation rate during the two hours immediately before the Δ θe 
measurement. The box and whisker plots are drawn for the 10th, 25th, 

50th, 75th and 90th percentiles. The black circles represent the mean 
values. The negative Δ θe values were typically observed following 
precipitation, especially for values below − 5 K.
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Extended Data Figure 9 | Variation of particle number concentration 
with Δθe under polluted conditions. Statistics of total particle number 
concentration measured by a condensation particle counter (TSI, model 
3010) at the T3 site from 1 March to 31 May 2014 for each Δ θe bin (that 
is, same as Fig. 3d except that measurements were taken at the T3 site). 
A reduced particle number concentration was observed at low Δ θe 
values at the T3 site, in contrast to the almost constant particle number 

concentration with Δ θe under background conditions at the T0a site. 
This suggests that, under polluted conditions, the vertical transport 
of free tropospheric aerosol cannot compensate particles removed by 
precipitation. The impact of vertical transport of free tropospheric 
particles becomes masked as anthropogenic emissions become the 
major source of particle number in the boundary layer under polluted 
conditions.
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Extended Data Figure 10 | Variations in the particle number 
concentrations with filtered θe. Same as Fig. 3 except that the analysis 
is based on θe processed by a first-order Butterworth filter to remove the 
variations in θe with timescales longer than 20 h (that is, with a frequency 
of less than 1.2 d−1). a, Number of data points for each filtered θe bin.  
b, Statistics of small particle (< 50 nm in diameter) concentrations for 

each filtered θe bin. c, Statistics of the CCN-sized particle (> 100 nm 
in diameter) concentration. d, Statistics of total particle number 
concentration. The box and whisker plots are drawn for the 10th, 25th, 
50th, 75th and 90th percentiles. The black circles represent the mean 
values.
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